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Decoding the Mind:
How Brain-Computer Interfaces Are Challenging What’s Possible
By Ali Colmenares

Artificial intelligence By Mac MacKinzie on flickr. www.vpnsrus.com

Ian Burkhart was 19 when
he was vacationing with friends
off the coast of North Carolina. A
former athlete and self-described
thrill-seeker, a single ill-fated cliff
dive into the choppy waves below
changed Burkhart’s life forever.
Diagnostic tests would reveal that
Burkhart had suffered a catastrophic
cervical Spinal Cord Injury (SCI) that
would leave him paralyzed from the
chest down, unlikely to ever regain
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function of his hands or legs. That is
until Burkhart was recruited by the
NeuroLife Project to participate in an
experimental treatment that, nearly
4 years later, has allowed him to
use his hands to hold a glass, throw
a ball, and even play video games1.
Burkhart was able to perform these
miraculous tasks thanks to a small
device, implanted into his brain by
a team of surgeons at Ohio State
University Wexner Medical Center.

When Burkhart thinks about
moving his arm, the device decodes Burkhart’s brain waves and
sends the decodes messages to a
specially designed arm cuff, which
electrically stimulates muscles
in his arm to create the desired
movement1. The NeuroLife Project
and dozens of similar projects
around the country are integrating
computing technology with the
human brain to create Brain-
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Computer Interfaces (BCI), direct
communication pathways between
the brain and some external
computing device. These new
communication pathways can and
are being used to revolutionize the
treatment landscape for millions of
people worldwide with disabilities
due
to
limb
amputations,
neurodegenerative diseases, and
traumatic brain injuries, and may
soon push the envelope of what the
ordinary human brain is capable of.

The Electric Brain
How is Ian Burkhart’s brain
able to communicate his thoughts
to a computer? The key to Braincomputer interface technology
lies in the electrical properties of
individual neurons and neuron-toneuron communication. Neurons
are the fundamental units that
together, make up the complex
neural networks that allow you
to control your movements and
experience consciousness. While
scientists have known about the
existence of neurons since the
late 19th century, it wasn’t until
the 1950’s that two scientists,
Alan Hodgkin and Andrew Huxley,
electrically stimulated a Squid
giant axon to provide a conclusive
answer for how neurons send
communication signals: The Action
Potential.
Put simply, an action

potential describes the process
by which a neuron transmits an
electrical signal from the receiving
end of a neuron (dendrites) through
the cell body (soma) and along a
single thin, long projection of the
neuron known as the axon. Axons,
which can measure anywhere from
less than 1 millimeter to over a
meter, are specially designed to
quickly carry the electrical signal
down the length of the axon. Once
the signal reaches the end of the
axon (the axon terminal) it triggers
the release of chemical messengers
known
as
neurotransmitters.
The neurotransmitters attach to
specialized proteins embedded on
the surface of neighboring neurons
and, depending on the types
and number of neurotransmitters
released may cause that neuron to
fire an action potential and continue
the cycle. Each action potential can
be thought of as the transmission
of a tiny piece of information that
when combined with hundreds
and thousands of other action
potentials create the thoughts,
sensations, and actions that make
up our everyday experiences.
discovery
of
Scientific
the action potential led to the
creation and rapid growth of
electrophysiology, the study of
electrical properties of biological
tissues. As action potentials move
through the axon of a neuron, the
electrical signal causes a measurable
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change in the flow of positive and
negatively charged molecules
like sodium and potassium across
the cell surface. Using electrodes
specially designed to measure this
electrical activity produced during
an action potential, researchers are
able to record and stimulate neural
networks in the brain.

Recording the Brain
Different BCIs may employ different neuroimaging techniques to record and alter neural
network activity in the brain.
These techniques vary by scale
(i.e. number of neurons being
recorded), resolution (i.e. quality
and precision of the recording),
and invasiveness (i.e. whether
the electrode recording device is
implanted and if so how deep). The
three most widely used techniques
include
electroencephalography
(EEG),
electrocorticography
(ECoG), and local field potentials
(LFP).
Developed
during
the
1920’s, EEG is a noninvasive
electrophysiological
monitoring
technique which uses a noninvasive
head cap composed of multiple
electrodes
placed
over
an
individual’s scalp. The electrodes
record electrical activity in different
regions of the brain and researchers
use the recordings to identify
patterns of activity associated
with various neurological events
such as sleep cycles and seizures.
EEG recordings can be decoded
by BCI’s with specially designed
computer algorithms to perform
simple computer activities and even
control prosthetic limbs. However,
because electrodes are placed on
the scalp, current EEGs can only
provide low resolution recordings
of the upper layers of the brain3.
Advanced BCI’s with high precision
often require higher resolution
recordings collected using more
invasive electrophysiological mon-
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itoring techniques like ECoG and
LFP.
ECoG recordings are gathered via thin, flexible electrode
grids placed directly on the
surface of the brain’s cortex. These
recordings have significantly better
resolution than EEG recordings and
can monitor a relatively large scale
of neuronal activity. Historically,
ECoG recordings have regularly
been used by doctors to map the
origin point of seizures in patients
with severe epilepsy. In recent
years, the use of ECoG to map
brain activity has enable scientists
to develop a deeper understanding
of the patterns of neural activity
associated with the planning
and execution of voluntary limb
movement.
The third and most invasive
electrophysiological
monitoring
technique frequently used in BCIs
is Local Field Potential, which
utilizes
microelectrode
arrays
to record the activity of precise

regions of the brain with high
resolution. Microelectrode arrays
are composed of anywhere from
tens to thousands of tiny needle
electrodes arranged on a small
grid that actually penetrates the
brain’s surface, with each electrode
able to record the activity of a
specific pattern of a few adjacent
neurons by detecting changes in
ion flow along the axons3. Once
implanted into a patient’s brain,
the array can be used to create a
closed-loop system between the
patient’s neuronal network and an
external device like a computer or
prosthetic.
When it comes to targeting
neuronal networks for BCI research
and development, scientists have
tended to focus their attention on
the brain’s motor cortex. Deeply
involved in planning and execution
of voluntary movement, researchers
have used microelectrode recordings of the motor cortex to
observe, in real time, the specific
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patterns of motor cortex activation
that occur as people plan, imagine,
and perform various movements.
These specific patterns of motor
cortex activation can then be used
to design computer algorithms
that decode neural signals into
software commands2. In effect,
BCI algorithms circumvent the
nerve damage caused by different
neuromotor diseases and spinal
cord injuries by creating a direct
line of communication between the
brain and an external computer or
prosthetic. Over the past decades
this technology has proved
invaluable for the development
of
technologies
that
have
revolutionized how scientists treat
neuromuscular damage. Some
current uses for therapeutic BCIs
include facilitating communication,
restore
basic
sensorimotor
functioning, and improve prosthetic
limb control.
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Restoring
Communication
For individuals living with
the rare neurological disorder
Locked-In Syndrome, the complete
loss of movement and speech
capacity can leave them feeling
trapped inside their own bodies.
Fully alert and typically still able to
hear and think normally, these are
individuals left totally paralyzed due
to some underlying neurological
damage often caused by a severe
stroke or disease like ALS. Since they
are unable to move or speak, these
individuals must instead rely on
eye-coded communication, which
requires caretakers to meticulously
count blinks or eye movements
which often limits communication
to simple yes/no responses4. Initial
advancements in the BCI field
towards linking the brain with
technology provided a renewed
hope to these individuals and
their families that they might
one day be able to more easily
express their thoughts and
feelings to caregivers or even
control computer programs and
prostheses.
Today, thanks to the hard
work of dedicated research groups,
patients with Locked-in Syndrome
have been able to communicate
and interact with the external
world in ways that once seemed
impossible. In a study conducted by
researchers at Brown University, two
patients, one a man with Lockedin Syndrome due to a brain-stem
stroke and the other a woman with
paralysis due to advanced ALS,
had their communication abilities
significantly enhanced after having
a
96-channel
microelectrode
array implanted into their brains
by the researchers4. The patients
could type messages and write
emails using FlashSpeller, a
typing software designed to be
controlled using brain signals
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converted into software activity
by a novel decoding algorithm
uniquely calibrated to each patient
brainwaves4. By personalizing the
decoding software, the researchers
were able to provide patients
with a reliable BCI for everyday
communication with family and
caregivers.
And while several BCIs
have been developed to restore
basic
communication
ability
to individuals with Locked-in
syndrome, most existing communication BCIs are limited to use
with specialized software with low
functionality. Seeking to develop
a BCI that would expand user
interface
capabilities
beyond
simple communication, researchers
from Stanford University and Brown
University collaborated to produce
BrainGate 25. BrainGate 2 is a brainimplant system designed to enable
paralyze patients to operate an
unmodified Android tablet, using
only their brainwaves5. The cuttingedge BCI utilizes recordings from
microelectrode arrays implanted
into the motor cortex, a region of
the brain that controls voluntary
movements. The recorded neural
signals are processed in real time
by a specialized decoding software

which is able to translate brain
activity into digital activity that
allows patients to control a virtual
mouse on the tablet screen. In
their recently published study, the
team reported that three research
patients with tetraplegia were
able to control common apps on
a standard Android tablet5. Simply
by imagining performing basic
mouse commands like scrolling up
and down or clicking, patients were
able to type out messages, browse
online, and even play a virtual
keyboard using only their thoughts.
Researchers hope that by designing
BCI devices that can be paired with
commercially available tablets and
computers, they can increase the
versatility and accessibility of BCIs
offered to paralyzed patients.

Controlling Prosthetic
Limbs
In 2005, 1.6 million people
in the United States were living
with the loss of a limb and most
prosthetic limbs in use looked and
functioned much like the prosthetic
limbs of the early 1900’s: hard,
immobile, prostheses that offered
little in the way of functionality
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DARPA’s Brain Initiative on CC

except for possibly a hook for
grabbing6. In the last 20 years or so,
however, the Defense Advanced
Research Projects Agency (DARPA),
a
government
agency,
has
provided funding that has paved
the way for the development of
prosthetics that integrate directly
with the wearer’s nervous system
allowing for more intuitive control7.
Their seminal device, the Modular
Prosthetic Limb, has spent the
last 10 years being developed by
researchers and tested by a handful
of patients like Johnny Matheny.
In December of 2017, Matheny, a
63-year-old man who lost his arm
during a battle with cancer in 2008,
became the first individual to be
given a modular prosthetic limb for
real world testing7. The prosthetic,
which attaches to a titanium joint
surgically-implanted into his upper
arm, is controlled using Mathney’s
brainwaves and has restored the
ability for him perform most tasks
associated with daily life. After
nearly a year of pilot testing,
Matheny has improved his control
of the prosthetic to the point where
he is currently teaching himself to
play the piano7.
Researchers’ hopes for
The Modular Prosthetic Limb and
prosthetics go beyond improving
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prosthetic dexterity and patient
controllability. The ultimate goal for
prosthetic devices is to function as
close to a natural limb as technology
will permit. For researchers, that
means designing BCI’s that not
only send command signals to the
prosthetic limb, but also transmit
sensory information from the
prosthetic limb back to the brain.
Incorporating sensory feedback into
BCI’s would give patients the ability
to feel sensations like pressure and
temperature using sensors placed
on the prosthetic device and
would ultimately facilitate better
control of the prosthesis. Restoring
sensory capabilities to amputees
has long been a major hurdle for
researchers, with most attempts
failing to achieve feasibility beyond
laboratory settings8. One of the first
major breakthroughs towards the
development of a neural interface
that could provide sensory feedback
came in 2005, when a group of
researchers from The University of
Utah showed for the first time that
the severed nerves of amputees
can still retain function following
limb amputation9. By stimulating
the residual nerves using implanted
electrodes, the researchers were
able to evoke touch sensations
perceived to have come from the

amputated hand or arm.
Since
that
discovery,
scientists
have
worked
to
incorporate sensory feedback into
prosthetic technology by targeting
patient’s residual nerves. Recently, a
DARPA team further demonstrated
the revolutionary capabilities of
the Modular Prosthetic Limb in
a 2018 study published in the
Journal Frontiers in Neurology10.
The patient, a 33-year-old veteran
who lost his hand and forearm in
the line of duty following an I.E.D
explosion, was able to differentiate
between hard and soft objects
thanks to vibrotactile sensors on the
prosthetic that provided sensory
feedback10.
This
noninvasive
sensory feedback system conveys
simple force, vibration, and
temperature
information
by
physically stimulating the skin in
contact with the prosthetic. In the
coming years, researchers aim to
provide patients with more complex
and intuitive sensory feedback
by developing neural implants
and algorithms that can process
and deliver data transmitted from
sensors on the prosthetic directly
to the sensory regions of the brain.

A Look to the Future
Restoring Severe Memory
Loss?

As researchers continue to
improve upon BCIs that restore
patients sensorimotor functioning,
a few ambitious teams around
the country are attempting to
design BCI and neural implants
that would actually improve an
individual’s memory functioning.
For the millions of people living
with brain damage caused by
Alzheimer’s Disease, a stroke, or
other forms of brain injury, damage
to the neural networks involved
in memory often cause significant
deficits in memory formation
and recall ability. By breaking
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the code for long-term memory
formation, researchers like Dr.
Theodore Berger, a neuroscientist
and biomedical engineer at the
University of Southern California,
hopes to create neural implants
with algorithms that can help
individuals with severe memory
deficits form long-term memories.
In 2012 study, Berger and
his team broke major ground
in their endeavor to crack the
memory code by designing and
testing a neuroprosthesis that
proved to be the first successful
application of a BCI in primates
to record and restore neural
activity associated with normal
performance on a working memory

task . First, the researchers used
the neural recordings to create
a mathematical model of brain
activity during working memory
activation. Then, the monkeys were
administered a drug designed
to disrupt the primates cognitive
processing and task performance
before finally the researchers
used the developed model to
stimulate the task-related regions
of the brain11. The stimulation
was successfully able to restore
working memory functioning to the
drugged monkeys and highlight
the potential for BCI devices
to restore complex cognitive
functioning. In an interview with
the MIT Technology Review, Berger
11

expressed his vision for the future
of BCIs in the treatment of memory
deficits caused by brain damage:
“I do think we’re going to find
a model that’s pretty good for
a lot of conditions and maybe most conditions,” Berger
predicted11. “The goal is to
improve the quality of life for
somebody who has a severe
memory deficit. If I can give
them the ability to form new
long-term memories for half the
conditions that most people
live in, I’ll be happy as hell, and
so will be most patients.”

Artificial Inteligence by GDJ on pixabay
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Meanwhile
in
another
DARPA funded endeavor, The
Restoring Active Memory (RAM)
program, unpublished preliminary
findings have already provided
compelling evidence that electrode
implants can be used to improve
human memory formation and
recall. The RAM program recruited
epileptic patients who, as part
of their epilepsy treatment, had
microelectrode arrays implanted
into their hippocampus, a region
of the brain deeply involved in
memory formation and storage12.
By
delivering
microelectrode
stimulation to patients’ hippocampi
while they performed a simple
memory task—recalling a list of
12 random common objects—
researchers were able to significantly improve patient memory
performance12. While improving
healthy patients’ memory recall
for a short list of words may seem
like a small step towards restoring
memory functioning in individuals
with severe and complex brain
damage, the exponential rate at
which this technology has already
advanced leads the DARPA’s
Director of Biological Technologies
Office to imagine a not too distant
future where memory implants can
be used to deliver targeted neural
stimulation that completely restores
normal memory functioning to
the more than 270,000 service
members diagnosed with traumatic
brain injuries since 2001.

human brain, BCIs will expand to
offer technologies that go beyond
simply restoring lost function to
disabled individuals. Whether it
be improving memory capacity,
increasing focus, or enhancing
problem-solving
ability,
the
development of BCIs that will serve
to augment an individual’s neural
functioning will force governments
and societies around the word to
address some serious legal and
ethical questions. Should neural
enhancements be widely available
and considered a personal choice,
similar to cosmetic procedures?
Or should they be guaranteed
by governments as a right? Will
BCIs lead to the formation of a
new class system between the
neuro-enhanced and neurotypical
individuals? Whose responsibility
will it be to make sure that neural
enhancements and other BCI’s are
not used to increase suffering and
inequality around the world?
No doubt the concerns
regarding the use and regulation
BCI’s are going to lead some
to call for heavy restrictions on
these technologies. After all,
media portrayals of BCI’s in
movies like Robocop have often
created depictions of technology
stripping individuals of part of
their humanity. And while BCI
technology is still a number of
critical scientific breakthroughs
away from anything closely
resembling cyborg technology, the

inevitably of scientific breakthrough
makes this an issue that is better
addressed sooner rather than later.
During his administration, former
president Barack Obama formed
the Presidential Commission for
the Study of Bioethical Issues,
announcing that “As our nation
invests in science and innovation
and pursues advances in biomedical
research and health care, it is
imperative that we do so in a responsible manner”13. In May 2016,
the Commission published a report
that provided recommendations
to encourage informed and
just policy-making in bioethics,
centered around the importance
of open dialogue between experts
and the public13. Unfortunately,
these
recommendations
have
largely been ignored by the Trump
administration, which has failed
to establish its own bioethics
commission and has repeatedly
sought to limit funding to national
science initiatives. Regardless of
whether our leaders choose to
address the changing landscape
of
bioethics,
breakthroughs
in biotechnologies will carry
increasingly profound and complex
policy implications. Therefore, in
the absence of political will from
our leaders, we must all strive to
think critically about how we choose
allow BCIs to evolve and how they
might fundamental and irrevocably
alter the human experience at
the individual, societal and global
scale.

Aiding or Enhancing:
Where should we draw the
line?

Up to now, the majority of
BCI research and development
has focused on restoring function
and independence to the millions
of disabled individuals worldwide.
However, as scientists continue to
advance our understanding of the
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